Concern has recently been voiced over possible chronic toxicity associated with chlorination of public drinking water supplies in the United States. This paper reviews the available evidence and the studies underway to further evaluate hypothesized associations between cancer risk and byproducts of chlorination. Preliminary data from measures of halogenated volatiles and personal exposure histories from respondents in a large epidemiologic study of bladder cancer are presented. These data support the use in epidemiologic studies of categorical measures of exposure and suggest that results from completed case-control studies, based on death certificates, may have underestimated the true risk of exposure to chlorination by-products. The current generation of studies which use a case-control interview design offer many advantages over earlier efforts to evaluate this issue.
Introduction
Chlorination of public drinking water supplies in the United States was first practiced in 1908 at the Boonton, New Jersey waterworks supplying Jersey City (1, 2) . Chlorination was initiated in response to a legal challenge that the water utility had not been meeting its contracted obligation to supply water pure and wholesome to drink. In reviewing the facts in May, 1910, after chlorination had been in place for more than a year, the judge noted that chlorination was quite effective in destroying "gerns" and thereby improving the quality of the drinking water. He added:
Upon the proofs before me, I also find that the solution described leaves no deleterious substances in the water.... I do therefore find and report that this device is capable of rendering the water delivered to Jersey City pure and wholesome, for the In light of its obvious benefits, concern about adverse effects of chlorination rapidly diminished, and the practice spread to most large population centers of the United States within a decade. Introduction of chlorine disinfection came after two decades that had witnessed introduction of filtration, sedimentation, and coagulation to many large water supplies. These practices were themselves very effective in controlling levels of water-borne infectious bacteria. Figure 1 shows the dramatic decrease in U.S. typhoid mortality between 1900 and 1928 (3). Introduction of filtration in public water supplies had already accounted for a large part of the decrease in mortality rates before the widespread use of chlorination in the years after 1910. In Cincinnati, for example, the annual typhoid rate dropped from 379 per 100,000 in 1905-1907 to 60 per 100,000 in [1908] [1909] [1910] with the introduction coagulation, sedi-188 mentation and filtration of the public drinking water. The addition of a chlorination step a few years later further decreased the rate. Current studies are now attempting to quantify the health and economic benefits of chlorination.
Concern over adverse effects of chlorination was quiescent from 1910 until a few years ago. In 1974, it was reported that chloroform and other trihalomethanes could be produced from the interaction of chlorine and organic molecules such as humic and fulvic acids in the raw water of drinking water supplies (4, 5) . A subsequent nationwide survey by the Environmental Protection Agency showed indeed that chloroform is found in almost every chlorinated supply (6) . Concern was elevated when a National Cancer Institute animal feeding study indicated that chloroform is a carcinogen (7). More recently, attention has been focused on the genotoxic potential of higher molecular weight nonvolatile chlori- Figure 2 shows how many ground sources had chlorine dosages in given ranges. It demonstrates that most ground sources were treated with less than 3 mg/I., with relatively few ground sources in the higher dose ranges. Figure 3 shows the number of these same ground sources with measured chloroform levels falling in different ranges. The distribution pattern of chloroform levels parallels the chlorine dosage pattern. Three-fourths of the samples from ground sources had chloroform levels of less than 5 ,ug/l. The distribution among surface sources of chlorine dosage and measured chloroform levels provides a sharp contrast with the distribution among ground sources. Figure 4 shows how many surface sources had chlorine dosages of given levels. In contrast to ground sources, the chlorine dose in most surface sources was greater than 6 mg/I. Most U.S. water supplies observe breakpoint chlorination. That is, chlorine is added until a free residual is produced. If the raw water contains high levels of organics, more chlorine is necessary to oxidize materials before free chlorine is available. Figure 5 shows chloroform levels among the surface sources. Surface sources tended to have elevated levels of chloroform, in contrast with ground sources, with most measuring above 60 ,ug/l. Half of the 33 surface sources in Iowa had chloroform levels greater than 107 ,ug/l. Figure 6 shows the distribution of chloroform as a function of annual average chlorine added, in surface sources and in ground sources. Levels of both chloroform and of added chlorine are elevated in surface sources, as mentioned above. Within the surface or ground source category, however, there is no within-group association of added chlorine with measured chloroform level. This counterintuitive observation may result from the types of data we collected. "Chlorine added" is the reported average dose over the year prior to sampling, and chloroform was measured in a one-time grab sam- ple in which the haloform reaction was allowed to go to completion. (18) .
Information from a residential and water supply history for each respondent is being used to create a lifelong water quality profile. We obtained a lifetime residential history from each participant and asked whether the primary drinking water source at each residence was community, private well, bottled, or other. Independently, we gathered data from more than 1000 public utilities in the ten study areas. We collected historical information on the raw water sources, the treatment practices, and the geographic areas served by each purveyor, going as far back as 1900. Information on water source includes whether the source is surface, ground or purchased. Surface waters are further characterized by the amount and type of potential contamination. Ground sources are characterized by the depth and number of wells and characteristics of the aquifer. If the major source of water was another water supply, the supplier is indicated and a link is then made to his records. Many types of treatment information are recorded, including mechanical treatment, chemical treatment other than chlorination, and chlorination. An attempt was made to retrieve information on chlorine dose, but in our experience, this information is often not available. A list of the geographic areas served is also collected. Some data was obtained from centralized state or federal records. In all cases, it was also necessary to visit the utilities and obtain information directly from their records or from personal interviews with utility officials. The potential value of these data for the bladder cancer case-control study was estimated by calculating the total years of experience spent in and out of study areas by participants and seeing for how many years they were served by a municipal source, a private well or spring, or by some other source. We were able to account for approximately 90% of the estimated total person-years of all cases and controls. Of these, 342,844 person years (62.8%) were spent within study areas on municipal supplies where we have excellent coverage of historical community supply information; 14.3% of respondent person-years were spent in areas with municipal supplies where we have limited information, or on other water sources; 109,295 respondent personyears (20.0%) were at residences where a private well or spring was the major source of drinking water. The total number of person-years spent in residences with private wells or springs or with a municipal source of water where we have the possibility of getting specific information represents approximately 452,000 person-years of experience or 75% (83% x 0.90) of the total lifetime experience of all cases and controls. This level of exposure ascertainment is well within acceptable bounds for epidemiologic evaluation.
High-speed digital computers allow the merging of historical community water supply information with the personal residential histories of study respondents. For each year, the complete record of each individual contains information on the water source type from the interview, and if the respondent indicated that a community source was used, detailed information on that drinking water source. In the first epidemiologic analyses, we are looking at just a few features of drinking water source, namely, whether the water is chlorinated or not and whether the water comes from a surface or a ground source. It is possible, of course, to return to the original utility record to pull in any additional information which is deemed important.
The types of records being created are demonstrated in Figures 7-9 , which describe historical types of water source serving study participants from Iowa. Three source categories are shown: ground not chlorinated; ground chlorinated; and surface chlorinated. Figure 7 shows, for respondents who had a nonchlorinated ground source in 1975, the type of source that they had from 1910 onwards. It (19) and of Gottlieb (20) may not be so seriously affected by the misclassification problem as some of the others.
Summary and Conclusion
The major strengths of the case-control interview study design in the evaluation of water contaminants are many. Historical exposures of individuals may be defined with a completeness and accuracy not possible in ecologic studies or in case-control studies based on mortality records.
Collection of information on a wide variety of other known and suspect risk factors permits control for these other exposures as well as measurement of interaction of them with water exposures. Let us suppose that products of chlorination did not influence the likelihood of bladder cancer, but that people served by contaminated water smoked at higher rates than people served by pristine sources. An analysis that could not adjust for smoking might mistakenly associate bladder cancer with poor water quality. Alternatively, if water-borne carcinogens were causally related to the disease and smoking data were available, then elevated risks for exposures to water contaminants would be seen among smokers alone, and among nonsmokers alone. This would also be true of persons with and without exposures to occupational carcinogens and other exposures.
The wealth of historical exposure information in a case-control interview study permits evaluation of dose-response relationships. A causal interpretation of an association is strengthened by data showing that the risk of individuals increases with the number of years exposed. The time from first exposure to a presumed carcinogenic factor to the appearance of an adverse effect also may be evaluated, and can provide important confirmatory evidence.
We are now on the threshold of obtaining results from carefully conducted case-control interview studies of bladder, colon and rectal cancers which will provide quantitative estimates of risk related to products of chlorination and other water contaminants. Our preliminary evaluation of historical changes in individual water sources suggests that the estimates of risk from the completed casecontrol mortality studies are conservative, and that the real risks may be much greater. There remains a need for further confirmatory evidence from toxicologic evaluation of the volatile and nonvolatile products of chlorination found in drinking water. Laboratory research which has combined chemical fractionation of bioactive residues isolated from drinking water, combined with in vitro biologic assays, is a powerful tool in this regard. The mounting evidence linking chlorination products in community drinking water supplies with elevated risk of human cancer poses a dilemma and a challenge. Quantitative estimates of risk from epidemiologic studies soon to be available will provide a firm and defensible factual basis that can assist in making the challenging decisions of whether or not to further control levels of chlorination by-products and other organic contaminants of public drinking waters.
